The purpose of this study was to assess the effect of a novel chemically modified curcumin (CMC 2.24) on NF-κB and MAPK signaling and inflammatory cytokine production in two experimental models of periodontal disease in rats. Experimental model I: Periodontitis was induced by repeated injections of LPS into the gingiva (3×/week, 3 weeks); control rats received vehicle injections. CMC 2.24, or the vehicle, was administered by daily oral gavage for 4 weeks. Experimental model II: Diabetes was induced in adult male rats by streptozotocin injection; periodontal breakdown then results as a complication of uncontrolled hyperglycemia. Non-diabetic rats served as controls. CMC 2.24, or the vehicle, was administered by oral gavage daily for 3 weeks to the diabetics. Hemimaxillae and gingival tissues were harvested, and bone loss was assessed radiographically. Gingival tissues were pooled according to the experimental conditions and processed for the analysis of matrix metalloproteinases (MMPs) and boneresorptive cytokines. Activation of p38 MAPK and NF-κB signaling pathways was assessed by western blot. Both LPS and diabetes induced an inflammatory process in the gingival tissues associated with excessive alveolar bone resorption and increased activation of p65 (NF-κB) and p38 MAPK. In both models, the administration of CMC 2.24 produced a marked reduction of inflammatory cytokines and MMPs in the gingival tissues, decreased bone loss, and decreased activation of p65 (NF-κB) and p38 MAPK. Inhibition of these cell signaling pathways by this novel tri-ketonic curcuminoid (natural curcumin is di-ketonic) may play a role in its therapeutic efficacy in locally and systemically associated periodontitis.
INTRODUCTION
Periodontitis is a dysbiotic condition initiated and maintained by Gram-negative bacteria present in the dental biofilm. Bacterial antigens, such as lipopolysaccharide (LPS; endotoxin), trigger an immune response, involving production of inflammatory mediators and other factors. As a chronic condition, the sustained excessive production of these inflammatory mediators results in connective tissue breakdown, including resorption of alveolar bone, which is the hallmark of periodontitis [1] . Both resident and infiltrating immune cells in the periodontal tissues, such as fibroblasts, monocytes, and macrophages, respond to the pathogenic dental biofilm producing increased levels of inflammatory mediators, such as interleukin 6 (IL-6) and tumor necrosis factor alpha (TNF-α) but particularly interleukin 1 beta (IL-1β) [2] [3] [4] . These mediators upregulate the production and activation of matrix metalloproteinases (MMPs) and prostanoids [1, 5] as well as the expression of receptor activator of nuclear factor kappa B ligand (RANKL), which promotes osteoclastogenesis and enhances osteoclast-mediated bone resorption by a combined effect of low pH (by action of the proton pump) and proteinase activity (cathepsin K and MMPs), degrading the inorganic and organic phases of bone [6] .
Uncontrolled diabetes is also associated with activation of the immune response, characterized by increased levels of inflammatory mediators including TNF-α, IL-1β, IL-6, and MMP activity. This basal immune activation associated with diabetes is involved in the various complications observed in uncontrolled diabetics and also aggravates the local immune response associated with the dysbiosis in periodontitis, which accounts for the increased incidence and severity of periodontitis [7] . Persistently elevated glucose levels in uncontrolled diabetes leads to the formation and accumulation of advanced glycation end-products (AGEs) [8, 9] , which interact with their cognate receptor RAGE. RAGE is a pattern recognition receptor (PRR) which is expressed on the surface of multiple cell types, such as macrophages and fibroblasts [7, [10] [11] [12] , which may also be activated by bacterial LPS [13] . Activation of RAGE, similarly to other PRRs, results in the activation of multiple signaling pathways [14, 15] , of which NF-κB and p38 MAPK are of notorious relevance for inflammation, as these signaling pathways are associated with the expression of various pro-inflammatory cytokines and with the production of reactive oxygen species such as superoxide anion, hypochlorous acid, and others (which are believed to be the main activators of neutrophil-derived pro-MMPs, i.e., pro-MMP-8 and pro-MMP-9). These effects of the AGE-RAGE interaction are considered the main mechanism mediating diabetic complications, including nephropathy and cardiovascular disease [16, 17] . Considering that the expression of RAGE is increased in uncontrolled diabetes and the possibility that bacterial antigens may also activate RAGE, this receptor may represent a node of amplification of inflammation in infectious conditions in diabetics.
Thus, host modulation approaches that attenuate the local inflammatory response is a therapeutic strategy that may reduce the severity of tissue destruction in periodontitis, both in systemically healthy and in diabetic patients. Importantly, since the enhanced immune activation associated with diabetes is the main culprit of the diabetic complications, including the increased severity of periodontitis, this strategy may prove effective even without adequate metabolic control. Attempts of inhibiting/blocking the activity of specific target receptors or cytokines are limited because the local cytokine network in diseased periodontal tissues is complex, involving numerous redundancies, agonistic and antagonistic effects among the various inflammatory mediators, and their multiple layers of regulation (transcriptional, post-transcriptional, post-translational) [18] . Elucidating the signaling pathways involved in the production of inflammatory mediators provides an alternative strategic approach for developing novel host modulatory therapies, since modulating a relatively limited number of signaling pathways may extensively affect the cytokine network (as opposed to inhibiting/blocking a single cytokine).
Curcumin is a diferuloylmethane derived from the yellow spice turmeric, isolated from the dried rhizomes of Curcuma longa, and is widely consumed in foodstuffs with no known ill effects. However, natural curcumin is highly insoluble in water, is poorly bioavailable after oral administration, and has a short half-life in the plasma; thus, it has to be consumed in large quantities to show even a marginal effect [19] . These poor pharmacological properties prompted the development and study of curcumin analogs. Our research group has developed and studied a number of these curcumin analog compounds, of which CMC 2.24 has been shown to present improved chemical properties [20, 21] . Recently, our group has developed and investigated the therapeutic potential of a novel chemically modified curcumin, CMC 2.24, using in vitro cell and tissue culture and in vivo models of inflammatory/ collagenolytic diseases [20, 22, 23] and cancer [24] . This evidence indicates a pleiotropic effect for CMC 2.24 on inflammation, with decreased expression of multiple proinflammatory mediators which may be associated with the inhibition of key signaling pathways.
Nuclear factor kappa B (NF-κB) is a transcription factor with numerous biological functions, including the regulation of the expression of various genes involved in inflammation [25] . Activation of NF-κB is associated with hyper-inflammatory responses and inflammation-induced injury. LPS from Gram-negative bacteria is a major inducer of inflammation in infectious conditions, as it rapidly promotes the biosynthesis and release of inflammatory mediators. This rapid and intense innate immune response to LPS is observed in often fatal conditions such as acute respiratory distress syndrome (ARDS) [26] and septic shock [27] . Numerous bacterial toxins and antigens, including LPS, can activate NF-κB, inducing the production of pro-inflammatory cytokines that are released during sepsis. In fact, NF-κB is considered the final destination of these septic shock stimulators [28] and also one of the major signaling pathways activated downstream of RAGE [14] . Curcumin is demonstrated to be a pharmacologically safe agent, which has been shown to inhibit NF-κB activation and NF-κB gene expression [29, 30] . There is also evidence supporting a prominent role for p38 MAPK in periodontitis-associated inflammation, thus regulating the production of inflammatory cytokines, MMPs, and inflammatory bone resorption [31] [32] [33] . p38 MAPK is activated downstream of cytokine receptors and also of various TLRs and RAGE [15] and may result in cross-activation of NF-κB. This generates an autocrine-positive feedback loop that exaggerates the production of pro-inflammatory mediators [34, 35] . NF-κB is also crucial for osteoclastogenesis and osteoclast-mediated bone resorption [35, 36] . This MAPK/NF-κB cross-activation is acknowledged as fundamental in chronic inflammatory diseases such as rheumatoid arthritis and periodontitis [37] .
Recent studies by our group [38] described the beneficial effects of CMC 2.24 in a rat model of LPS-induced periodontal disease complicated by type I diabetes. The results using this novel host-modulating compound included marked attenuation of local inflammation and significant inhibition of alveolar bone loss.
In the current study, we separated the local and systemic factors, respectively represented by bacterial antigen stimulus (LPS) and diabetes-associated immune dysregulation, in two independent experimental models. Our goal is to determine if the effectiveness of CMC 2.24 in attenuating tissue destruction in diabetes-complicated periodontitis is due primarily to its impact on the local inflammation induced by bacterial antigens or to its effect on the local dysregulation of inflammation associated with uncontrolled diabetes, which affects the response to the indigenous microbiota in the dental biofilm. For mechanistic insight, we focused specifically on NF-κB and p38 MAPK signaling, which are known to be important for inflammatory diseases and/or for expression of cytokines that are associated with breakdown of connective and bone resorption in periodontitis [32, 35, [39] [40] [41] [42] [43] [44] [45] [46] . We determined whether systemically administered CMC 2.24 inhibits the activation of these signaling pathways and significantly attenuates inflammation and bone resorption in both experimental models, which indicates that CMC 2.24 is a pleiotropic and safe anti-inflammatory compound.
MATERIALS AND METHODS

I. LPS-Induced Model of Experimental Periodontitis
The techniques described below are modifications of those described by us previously [23] . In brief, 28 male Holtzman rats (Rattus norvegicus albinus), weighing 150-250 g (8-10 weeks old), were distributed into four groups each containing seven animals. Inflammation-mediated alveolar bone loss was established in two groups (14 rats) of rats by repeated (every second day) local injection of LPS from Escherichia coli (3 μL of a 10 mg/mL PBS solution, 30 μg/injection) into the palatal gingiva on both sides of the maxilla, for 3 weeks as described by us previously [23] . Oral administration of CMC 2.24 (30 mg/kg, suspended in 1 mL of 2% carboxymethyl cellulose) was initiated concomitantly with the LPS injections and was administered daily for 4 weeks, including 1 week after LPS injections stopped. The other LPS-injected group received daily oral administration of the same volume of the carboxymethyl cellulose vehicle alone. The other two experimental groups (14 rats) received bilateral injections of the same volume of PBS vehicle (no LPS) according to the same regimen. One of these groups received CMC 2.24 (30 mg/kg); the other group received vehicle alone (2% carboxymethyl cellulose). This regimen of administration allows the study of the preventive/prophylactic effect of CMC 2.24, interfering with the development and severity of LPS-induced inflammation. At the end of the experimental protocol, the animals were sacrificed, maxillary jaws were collected for alveolar bone measurement, and tissue samples from the gingiva where the injections were performed were collected and analyzed for MMPs and cytokines.
II. Diabetes-Associated Model of Natural Periodontitis
The techniques described below are also modifications of those described by us previously [38] . In brief, 12 adult male Sprague Dawley rats, weighing 225-350 g (8-10 weeks old), were divided into three groups (n = 4). Type I diabetes was induced in two groups (diabetic animals, D; 8 rats) by intravenous tail injection of streptozotocin (70 mg/kg body weight). The third group was injected through the tail vein with 10 mM citrated saline buffer (pH 4.5) vehicle (non-diabetic controls; N). Diabetes is widely known to be associated with increased severity of periodontitis in humans [47] [48] [49] and experimental animals [50, 51] , and thus, this represents a model of natural periodontitis enhanced by diabetes, in contrast to our recent report by Elburki et al. [38] , in which periodontitis was experimentally induced, in the same rats, both locally (repeated LPS injections into the gingiva) and systemically (streptozotocin injection to induce severe diabetes). One week after inducing diabetes, one of the two diabetic groups was administered CMC 2.24 (30 mg/kg) daily by oral gavage for a period of 3 weeks. The two remaining groups (non-diabetic control and the other diabetic group) were administered the same volume of carboxymethyl cellulose vehicle alone, using the same regimen. Similarly to the LPS-induced experimental model of periodontitis, we consider that this experimental model of diabetesassociated dysregulation of the interaction between indigenous microbiota and host response also assesses the effects of CMC 2.24 on the development and severity of inflammation. Administration of CMC 2.24 or vehicle started 1 week after the induction of diabetes, which allows the observation of the tested compound in the prevention/ attenuation of cumulative damage associated with sustained inflammation. At the end of the 3 weeks, the animals were sacrificed and blood was collected by cardiac puncture for blood glucose measurements. Also at the time of sacrifice, the maxillary jaws were collected for alveolar bone measurements and tissue samples from the gingiva surrounding upper first molars were collected and analyzed for MMPs and cytokines. The study protocol was previously approved by the Institution's Committees (Araraquara-UNESP, SP, Brazil, and Stony Brook University, NY, USA) for Experimental Animal Use.
Radiographic/Morphometric Analysis of Inflammatory Alveolar Bone Loss in the Upper Hemimaxillae
Following sacrifice, alveolar bone loss was measured morphometrically from standardized radiographs as described by us previously [38] . Bone loss was assessed by measuring the distance between the CEJ and the alveolar bone crest at site no. 7 of the maxillary quadrants based on our previous studies [52] which demonstrated that this interproximal site in rat models shows the greatest changes in bone height loss.
Zymography for MMP-2 and MMP-9
The gingival tissues were pooled according to the experimental groups and extracted and the MMPs partially purified and analyzed for MMP-2 and MMP-9 by gelatin zymography, as described by us previously [23] .
ELISA for Measurement of Cytokine Levels
Three inflammatory cytokines (IL-1β, IL-6, and TNF-α) and an anti-inflammatory cytokine, IL-10, were measured in gingival tissue extracts by standard ELISA techniques according to the manufacturer's instructions (R&D Systems, Minneapolis, MN, USA).
Western Blotting Analysis NF-κB and p38 MAP Kinase Signaling
Western immunoblotting was performed as described by us previously [23] . Briefly, the gingival tissues from the hemi-maxilla of each rat were excised and pooled for each group (seven rats per group for experiment I and four rats per group for experiment II). Total protein was isolated from the gingival tissues using the detergent-based extraction buffer (Tissue Protein Extraction Reagent [T-PER]; Pierce Biotechnology; Thermo Fischer Scientific, Rockford, IL, USA) containing protease and phosphatase inhibitor cocktails (Complete and PhosSTOP, Roche), as per the manufacturer's instructions (Pierce Biotechnology). The tissue samples were homogenized in the buffer (50 μL/ mg of tissue) and centrifuged for 5 min at 16,000×g at 4°C. After centrifugation, the supernatant was collected and analyzed for total protein using the Bradford method (Bio-Rad Protein Assay, Bio-Rad Laboratories). Protein samples (60 μg) were mixed with 2× SDS sample buffer containing beta-mercaptoethanol as a reducing agent and heat-denatured at 100°C for 5 min. The protein mixture was separated by gel electrophoresis using sodium dodecyl sulfate containing 5 to 12% discontinuous polyacrylamide gels (SDS-PAGE) and subsequently electro-transferred to PVDF membranes (Amersham Pharmacia Biotech Inc., Piscataway, NJ) at 100 V for 2 h. The membranes were blocked with non-fat dry milk (5%) in TBS-T (Tris-HCl buffered saline with 0.5% Tween-20) for 2 h at room temperature. Each membrane was then gently washed three consecutive times for 5 min in TBS-T and incubated with the primary antibodies overnight at 4°C (1:1000 dilution in TBS-T; phospho-p65 and phospho-p38; Cell Signaling Co., Danvers, USA). Detection of the primary antibodies was done with species-specific secondary antibodies conjugated to horseradish peroxidase for 2 h at room temperature (1:5000 dilution in TBS-T; Cell Signaling Co., Danvers, USA). Membranes were then washed three times in TBS-T [45, 46] . Detection of the bands was carried out as described earlier [23] . Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a reference equal loading of the samples and for normalization in the quantitative analysis.
Statistical Analysis
Bone loss data are presented as the mean ± standard error of the mean (SEM). The statistical method used for the radiographic analysis of bone loss is used with the significance level adopted (usually 95%). Remaining data did not allow summary statistics because of the need to pool the gingival tissue samples according to the experimental group (the quantities were too small to be analyzed for individual rats). Thus, data for MMP (zymography), cytokine (ELISA), and signaling (Western blot) analyses are derived from pooled tissue for each group of seven rats/ group (experimental model I) or four rats per group (experimental model II). We used the method described by Bildt et al., who found that pooled tissue was necessary even in the case of humans [53] . Statistical analyses were performed with Excel software.
RESULTS
Blood Glucose and Diabetes-Associated Complications
Experimental diabetes increased blood glucose levels significantly, and systemic administration of CMC 2.24 had no detectable effect on the severity of hyperglycemia during the 3-week duration of the protocol (Fig. 1) . In spite of this lack of effect on blood glucose levels, diabetic rats treated with CMC 2.24 did not present any of the diabetesassociated adverse effects observed in diabetic rats treated with vehicle alone (Table 1) .
Effect of CMC 2.24 Administration on Alveolar Bone Loss: LPS-Induced Experimental Periodontitis Model
Based on radiographic-morphometric measurement of alveolar bone height in standardized radiographs, LPS injections increased alveolar bone loss by 53.2% (p = 0.0001 vs PBS-injected animals, Fig. 2a) . Administration of CMC 2.24 significantly (p = 0.01) reduced LPSinduced bone loss by 22.3%. In fact, the bone loss observed in LPS-injected/CMC 2.24-treated rats was not significantly different (p = 0.08) from the alveolar bone height measured in untreated animals (PBS-injected/vehicle-treated). Administration of CMC 2.24 in control (PBSinjected) animals did not result in any change in alveolar bone height (Fig. 2a) . Fig. 2b ). Alveolar bone height in diabetic rats treated with CMC 2.24 was not different from that in non-diabetic animals (p = 0.7, Fig. 2b ).
Effect of CMC 2.24 on MMP-2 and MMP-9
MMP-2 (72 kDa gelatinase) and MMP-9 (92 kDa gelatinase) were evaluated by gelatin zymography in the pooled rat gingival tissue. LPS-induced experimental Fig. 1 . The effect of diabetes and orally administered CMC 2.24 on blood glucose levels; blood samples were collected 4 weeks after STZ injection. The D rats were treated by systemic administration (oral route) of vehicle alone (D group) or by daily administration of 30 mg/kg CMC 2.24 for 2-1 days beginning 7 days after inducing diabetes (D + CMC 2.224 group). Each value represents the mean ± the standard error of the mean for four rats per group. periodontitis markedly increased MMP-9 (both pro-and activated forms), but not MMP-2 (Fig. 3a) . Surprisingly, in the diabetes-associated natural periodontitis model, neither MMP-9 nor MMP-2 was distinctly increased (Fig. 3b) . In fact, both MMP-2 and MMP-9 were reduced in diabetic rats in comparison to non-diabetic controls. Administration of CMC 2.24 to LPS-injected rats lowered the levels of MMP-9 in comparison with LPS-injected/vehicle-treated animals, whereas MMP-2 was not affected. Interestingly, administration of CMC 2.24 to PBS-injected rats clearly reduced both MMP-2 and MMP-9 (Fig. 3a) . In the diabetic rats (diabetes-associated natural periodontitis model), administration of CMC 2.24 further reduced MMP-9, but not MMP-2, in the gingival tissues in comparison with diabetic rats treated with carboxymethyl cellulose vehicle alone (Fig. 3b) . However, a lower molecular weight gelatinolytic band (potentially an activated form of MMP-2, or another MMP, e.g., MMP-7) was dramatically reduced in the diabetic group by CMC 2.24 ( Fig. 3b) .
CMC 2.24 and the Production of InflammationAssociated Cytokines (IL-1β, IL-6, TNF-α, IL-10)
Analysis of IL-1β levels shows that the levels were increased in the gingival tissues in both experimental models (LPS-induced experimental periodontitis and diabetes-associated natural periodontitis) and similarly reduced (approximately 50% decrease) by administration of Fig. 2 . The measurement of alveolar bone loss, from standardized radiographs of hemi maxilla, from the CEJ to the crest of the alveolar bone at site no. 7 in locally induced periodontitis (a) and systemically induced periodontitis (b). Each value (mm) represents the mean ± S.E.M. CMC 2.24 ( Fig. 4a, b) . Interestingly, control animals in the LPS model (Holtzman rats) did not show detectable levels of IL-1β, whereas gingival tissues of the non-diabetic (control) animals in the diabetes model (Sprague Dawley rats) present a markedly greater level of IL-1β, and in this model (Sprague Dawley rats), CMC 2.24 reduced the excessive levels of IL-1β to Bnormal^levels, which did not occur in the Holtzman rats. Similarly, TNF-α levels were markedly higher in non-diabetic (control) rats in comparison to the non-diseased (PBS-injected, control) animals in the LPS model (Fig. 5a, b) . Administration of CMC 2.24 reduced TNF-α levels by approximately 70% in the LPS-injected gingival tissues (Fig. 5a ), but had no clear effect on TNF-α levels in the diabetes-enhanced natural periodontitis model (Fig. 5b) . In contrast, IL-6 levels were similar in the non-diseased/control tissues of animals in both models (Fig. 6a, b) ; however, LPS injections induced a greater increase of IL-6 levels compared to the induction of type I diabetes. Administration of CMC 2.24 also produced a greater relative decrease of IL-6 in the LPSinduced experimental periodontitis model (Fig. 6a , approximately 50% decrease) than in the diabetes-associated natural periodontitis model (Fig. 6b, approximately 30% decrease). However, in both the local and systemic models of periodontitis, CMC 2.24 reduced excessive IL-6 to essentially control values (Fig. 6a, b) . Similarly to the results obtained for IL-6, IL-10 levels in non-disease/control gingival tissues from both experimental models were similar (Fig. 7a, b) . Injections of LPS rendered IL-10 levels in the tissues undetectable (Fig. 7a) , whereas the induction of type I diabetes caused a distinct but much less prominent (approximately 30%) decrease of IL-10 levels (Fig. 7b) . Administration of CMC 2.24 had sharply distinct effects in each model: in the diabetes-associated natural periodontitis model, there was no discernible effect (Fig. 7b) , but in the LPS-induced experimental periodontitis model CMC 2.24 Brescued^IL-10 levels to approximately 60% of the levels detected in control (PBS-injected) tissues (Fig. 7a) .
CMC 2.24 Effects on p38 MAPK and NF-κB Signaling
NF-κB (assessed by the levels of phosphorylated p65 subunit of NF-κB) and p38 MAPK signaling (assessed by the levels of phosphorylated p38) were distinctly activated in both experimental models (LPS-injected tissues and tissues of type I diabetic animals) (Figs. 8a, b and 9a, b) . Administration of CMC 2.24 reduced the level of phosphorylated p65 to those of the non-diseased controls in both models (Fig. 8a, b) . CMC 2.24 also reduced the activation of p38 to the non-diabetic control levels in the diabetes-associated natural periodontitis model (Fig. 9a) , although in the LPS-induced experimental periodontitis level the activation of p38 MAPK was reduced to the level of non-diseased/CMC 2.24-treated tissues, which is distinctly higher than that of non-diseased/vehicle-treated tissues (Fig. 9b) . Interestingly, administration of CMC 2.24 clearly reduced phosphorylated p65 in non-diseased (PBSinjected) tissues in the LPS experimental model (Fig. 8a) , whereas the activation of p38 MAPK was noticeably increased by the administration of CMC 2.24 (Fig. 9a) .
DISCUSSION
In this study, we confirm and expand previous results indicating that systemically administered CMC 2.24 effectively reduces the production of inflammatory mediators (cytokines and MMPs) and inflammation-induced bone loss, which is the main outcome in periodontitis models. We used two experimental models: an LPS-induced Blocal^experimental periodontitis model and a diabetesassociated Bsystemic^natural periodontitis model. It is important to note that administration of CMC 2.24 (or vehicle) started simultaneously (LPS-induced experimental model) or shortly after (diabetes-enhanced natural periodontitis model) the experimental induction of inflammation. Thus, our results indicate the effects of CMC 2.24 on the development and severity of inflammation, not on healing or resolution of inflammation.
The effects of CMC 2.24 were associated with marked inhibition of both p38 MAPK and NF-κB signaling, which we speculate is an important mechanism for the biological effects of CMC 2.24, since production of IL-1β, IL-6, and TNF-α is at least partly dependent on the activation of these signaling pathways [40] [41] [42] [43] 54] . Thus, CMC 2.24 and natural curcumin may have a similar biological effect, as there is evidence indicating that natural curcumin is able to inhibit activation of NF-κB [55] [56] [57] and MAP kinases [57] [58] [59] , thereby reducing the synthesis of proinflammatory cytokines, such as IL-6 [47] , TNF-α [60, 61] , and prostaglandin E2 (PGE2) [57] . All of these cytokines have been found to be significantly increased in human diseased periodontal tissues in comparison with healthy tissues [2, [62] [63] [64] [65] and have also been associated with increased pocket depth and loss of attachment [1, 66, 67] .
Activation of NF-κB is vital for the expression of various inflammatory mediators which participate in the pathogenesis of many inflammatory diseases [68] [69] [70] , which makes this pathway a prime target for host modulation therapies of chronic inflammatory conditions. Proinflammatory cytokines such as IL-1β and TNF-α are produced by activated fibroblasts, monocytes, and macrophages and play a key role in the pathogenesis of periodontitis [2] [3] [4] . Once these cytokines are released, they stimulate the production of catabolic enzymes such as MMPs, which are largely responsible for the direct breakdown of connective tissues in chronic inflammatory diseases [71, 72] . IL-1β and TNF-α also activate other mediators of inflammation such as cycloxygenase-2 and 5-lipoxygenase, leading to the production of lipid mediators of inflammation, such as prostaglandins and leukotrienes [73] .
When interpreting the data, it is important to consider the characteristics of each experimental model used in this study. They differ fundamentally in the presence of a local stimulus delivered in a controlled concentration directly into the gingival tissues of animals with similar host responses (LPS-induced experimental periodontitis model) versus the modulation of the host response by inducing type I diabetes, altering the response to the naturally present, endogenous microbial dental biofilm (diabetes-associated natural periodontitis model). This primary difference in the models is likely associated with the differences observed, which may be compounded by the fact that we used different strains of rats in each model: Holtzman in the LPS model and Sprague Dawley in the diabetes-associated model. The difference in the rat strains is better illustrated by the lack of constitutive expression of IL-1β and TNF-α in the Holtzman rats used in the LPS-induced experimental periodontitis model. Interestingly, CMC 2.24 did not affect TNF-α levels, which were not markedly increased in the diabetes-associated natural periodontitis model (Sprague Dawley rats), suggesting that CMC 2.24 only affects Binducible^/pathologic expression (but not Bconstitutive^/physiologic expression) of this inflammatory cytokine. It is worth noting that all ELISAs were performed simultaneously, using kits from the same supplier and lot number; data was obtained on the same plate reader; and the samples were collected in the same buffer and stored in similar conditions for a similar amount of time. The differences in the effects of CMC 2.24 in the two experimental models may also be related with the nature/potency of the stimulus: a high dose of a strong bacterial-derived antigen (LPS) versus a more subtle stimulus posed by the bacteria, toxins, and antigens derived from the natural dental microbial biofilm in the diabetes-associated natural periodontitis model. The difference in the Bintensityô f the stimulus is indicated by the greater severity of alveolar bone loss in the LPS-induced model. This may be related with the finding that MMP-9 levels in the gingiva of untreated diabetic rats were not increased. However, in previous experiments from our group, MMP-9 in the gingival tissues was increased by diabetes [74] . We consider that this inconsistent response of MMP-9 to diabetes may reflect a variable defect in chemotaxis in the leukocytes [75] of the diabetic rats in part due to the fact that these rats were not fasted prior to STZ injection. Here, we show that CMC 2.24 inhibits MMP-9 in both models of experimental periodontitis and in the diabetes-associated model to levels lower than those of non-diabetic control animals. This indicates a consistent effect of CMC 2.24, which we speculate may be associated with the inhibition of NF-κB, since this signaling pathway has been shown to regulate expression of MMP-9 [76, 77] .
Pro-inflammatory mediators IL-1β, IL-6, and TNF-α and anti-inflammatory IL-10 have a profound effect on the cytokine network in chronic periodontitis (as well as in other chronic inflammatory conditions). These mediators regulate the activity of immune cells and the production of many inflammatory mediators and enzymes, including MMPs, prostaglandins, and RANKL [78, 79] . For example, IL-1β and TNF-α activate bone marrow stromal cells and macrophages to stimulate osteoclastogenesis through RANK-RANKL interaction [80] . Inhibition of IL-1β and TNF-α decreases the loss of connective tissue attachment and the resorption of alveolar bone [79, 81] . CMC 2.24 consistently inhibited the production of IL-1β and IL-6 in both experimental models.
Among the downstream effects of inflammatory cytokines, such as IL-1β and TNF-α, the upregulation of MMPs is controlled by activation of the transcription factor NF-κB [72, [82] [83] [84] [85] [86] . It is well-recognized that MMPs function as matrix-degrading enzymes that mediate extracellular matrix protein remodeling [87] . Under normal conditions, a balance exists between MMP activity and the synthesis of a new extracellular matrix. This occurs where the expression of MMPs and its tissue inhibitors (known as TIMPs) is well controlled and balanced. Nevertheless, in periodontitis, this tightly controlled equilibrium between synthesis and degradation of matrix proteins becomes unbalanced resulting in excessive extracellular matrix degradation as a result of unregulated MMP expression and activity, resulting in destruction of soft tissue attachment to the teeth as well as in the resorption of alveolar bone [88, 89] . We verified that CMC 2.24 reduces MMP-9 in both experimental models of periodontitis. Interestingly, MMP-2 levels and activation were not affected by CMC 2.24 in either experimental model, which suggests that constitutive/physiologic MMP-mediated remodeling is not affected by CMC 2.24, as opposed to non-selective MMP inhibitors which have serious side effects [90] [91] [92] . Importantly, this selectivity of CMC 2.24 in the inhibition of pathology-associated MMP is a very interesting feature, as it reduces the likelihood of deleterious side effects. Future studies will address the possible mechanism for this selective inhibition of MMP-9 by CMC 2.24.
Both NF-κB signaling and p38 MAPK signaling are important to osteoclast-mediated bone resorption, which was significantly inhibited by CMC 2.24 in both experimental models. p38 signaling is required for maximal expression of RANKL in bone marrow stromal cells induced by IL-1β and TNF-α in vitro. Moreover, blocking p38 signaling in bone marrow stromal cells was found to inhibit IL-1β-and TNF-α-induced osteoclastogenesis in vitro [43] . NF-κB is also critical for osteoclastogenesis and osteoclast-mediated bone resorption [93] [94] [95] [96] . IL-1β, IL-6, and TNF-α and prostanoids such as PGE2 are produced by stimulated monocytes, macrophages, and fibroblasts in the periodontal tissues [36, 97] . These diverse inflammatory mediators are common activators of both p38 MAPK and NF-κB, and their expression is also at least partially regulated by these same signaling pathways. Thus, it will be interesting to determine mechanistically how CMC 2.24 affects the activity of these signaling pathways as a major mechanism for its biological activity, as this understanding may lead to the improvement of its biological effects.
We have shown biological effects of systemically administered CMC 2.24 in two experimental models of periodontitis. In spite of some differences, in both the locally induced and the systemically induced experimental models, CMC 2.24 significantly reduced inflammatory bone loss consistently inhibiting p38 MAPK and NF-κB signaling. There were no effects on blood glucose levels, suggesting that CMC 2.24 had no effect on the experimentally induced diabetes (at least in the short term), but rather may be targeting the complications of uncontrolled hyperglycemia including an exaggerated immune/inflammatory response associated with host-microbial interactions.
In conclusion, CMC 2.24 has marked antiinflammatory effects after oral administration, significantly reducing inflammatory alveolar bone loss and consistently reducing MMP-9 expression and activity as well as the activation of NF-κB (p65) and p38 MAPK in two models of experimental periodontitis. Production of proinflammatory IL-1β and IL-6 was consistently reduced. In the more Bsevere^LPS-induced model of periodontitis, CMC 2.24 markedly reduced the levels of TNF-α and rescued the levels of anti-inflammatory IL-10. Collectively, the findings of the present study demonstrate a potent and reproducible anti-inflammatory effect of systemically administered CMC 2.24 in both models of experimental periodontitis and suggest a potential therapeutic role for CMC 2.24 in treatment of both locally induced and systemically enhanced periodontal disease. Future studies will address the biological effects of CMC 2.24 in these in vitro and in vivo models, in relevant cells associated with periodontal disease. In addition, the inhibition of LPS signaling by CMC 2.24 could have significant implications for the treatment of other chronic inflammatory diseases associated with bacterial infections.
